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Abstract. Minimizing mask absorber thickness is an important practical concern in
producing very small features by the LIGA† process. To assist in this minimization, we have
developed coupled numerical models describing both the exposure and development of a
thick polymethyl methacrylate (PMMA) resist. The exposure model addresses
multi-wavelength, one-dimensional x-ray transmission through multiple beam filters, through
the mask substrate and absorber, and the subsequent attenuation and photon absorption in the
PMMA resist. The development model describes one-dimensional dissolution of a feature
and its sidewalls, taking into account the variation in absorbed dose through the PMMA
thickness. These exposure and development models are coupled in a single interactive code,
permitting the automated adjustment of mask absorber thickness to yield a prescribed
sidewall taper or dissolution distance. We have used this tool to compute the minimum
required absorber thickness yielding a prescribed sidewall tolerance for exposures performed
at the ALS, SSRL and NSLS synchrotron sources. Results are presented as a function of the
absorbed dose for a range of the prescribed sidewall tolerance, feature size, PMMA thickness,
mask substrate thickness and the development temperature.

1. Introduction

As LIGA becomes more widely established, device designs
and performance requirements will increasingly demand the
full potential of this new manufacturing technology [1, 2].
Relative tolerances on mating-piece parts such as splines,
bearings, shafts and gear teeth will need to approach those
of the highest quality conventional machining and grinding
methods. The standards for these conventional methods,
developed over many decades, extend to roughly one part
in 10 000 for dimensional tolerances, run-out and taper. This
translates to a variance of only 0.1 µm over a feature height
or lateral dimension of 1 mm, which is near or just below
the best current capabilities of LIGA [3, 4]. Similarly, the
range of feature sizes on a single part produced by the best
conventional methods spans between two and three orders of
magnitude. Again for LIGA this translates to 1µm details
on features of size between 100µm and 1 mm.

A great many factors influence the overall precision
of a finished LIGA part. Vertically tapered LIGA molds
may result directly from synchrotron beam divergence,
x-ray scattering and secondary radiation [3, 4]. In addition,
polymethyl methacrylate (PMMA) has a coefficient of
thermal expansion of nearly 10−4 ◦C−1, so a difference
between the exposure and plating temperatures of just over
1 ◦C will yield a dimensional shift of one part in 10 000.

† LIGA is an acronym from the German words for lithography,
electroforming and molding.

Variations in water content of the PMMA between exposure
and plating may lead to similar or even larger dimensional
inaccuracies. Finally, stresses induced as metal is deposited
during electrodeposition may distort an otherwise good LIGA
mold. This can also lead to overall dimensional errors, but
will primarily introduce a taper through the height of the
finished metal piece.

Another important source of through-thickness taper in
LIGA molds lies in the development process [5, 6]. As
features in unmasked regions on the surface of the mold
begin to develop, the newly formed sidewalls of each evolving
feature are also contacted by the developer. Although doses in
the masked regions are much smaller than those in the regions
intended for exposure, development rates at low doses are
not negligible when small tolerances are a concern. While
in contact with the developer, these sidewalls slowly recede
laterally from the feature into masked regions of the PMMA.
This lateral development begins only as the feature opens, so
those sidewall surfaces closest to the mold top (and bottom for
freestanding development) are developed for a longer period
than those deeper in the PMMA. The consequence of this
progressive formation and development of feature sidewalls
is tapered mold cavities having greater lateral extent at the
top (and possibly bottom) of the mold. The development
rate in the unmasked region is initially large, yielding little
sidewall dissolution and a nearly straight sidewall profile.
Later, as the feature develops into the PMMA, development
rates fall due to the lower absorbed dose and due to diffusion
transport limitations. This slowing development rate in
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Figure 1. Schematic diagram of a developing LIGA feature.
Heavy bars at the top indicate gold absorbers on the LIGA mask.
Note that the true sidewall taper is given byε/2h; here we also
refer toε/h as the sidewall taper.

the unmasked region produces a roughly parabolic sidewall
profile, as illustrated in figure 1. Thus the extent and profile
of this taper depend on the doses in the masked and unmasked
regions, the dose variation through the PMMA thickness and
on the relative dissolution rates associated with these doses.
However, in a simplified view, sidewall taper is merely the
ratio of the low-dose development rate in masked regions
of the PMMA surface and the average development rate in
unmasked regions over the entire mold thickness. As such,
increasing the thickness of the mask absorber should always
reduce sidewall taper.

Minimum feature size is likewise affected by a number
of factors. Developing and electroplating small features
having aspect ratios much above 20 are extremely difficult
since diffusion-limited transport rates yield dissolution and
metal deposition rates that are very small [7, 8]. As a result,
the ratio of the minimum feature size to the part thickness
is now limited to about one part in 20, well below that
of conventional manufacturing methods. A more subtle
constraint on minimum feature size is the maximum aspect
ratio of the mask. Using photoresists to form the gold mask,
this aspect ratio typically cannot exceed about six. By making
an intermediate LIGA mask, this maximum aspect ratio can
be extended to about ten. Because nominal feature sizes of
the mask absorber are the same as those of the electroformed
LIGA part, it follows immediately that feature sizes below
about 10% of the absorber thickness cannot be produced by
the LIGA process, regardless of other constraints which may
only further restrict the minimum feature size. Minimizing
absorber thickness is thus critical to producing very small
LIGA features.

From the above discussions, we see that sidewall taper,
minimum feature size, dose, development time and absorber
thickness are all inherently linked in the LIGA process.
Increasing the absorber thickness reduces sidewall taper, but
this also increases the minimum possible feature size. Thus

to successfully produce very small features having small
dimensional tolerances, the thickness of the mask absorber
and synchrotron beam filters, the exposure time and the
development conditions must all be optimized together.

To help understand the interactions between these many
parameters and their effect on sidewall taper, we have
developed a numerical model describing both the exposure
and development portions of the LIGA process. The one-
dimensional exposure model computes the local absorbed
dose in both the masked and unmasked regions through
the PMMA thickness. This model additionally contains
algorithms to automatically adjust exposure time, beam
filter thickness and mask absorber thickness so as to yield
prescribed doses at both the top and bottom surfaces of the
PMMA, as well as a prescribed maximum dose in the masked
regions under the absorber. The development model, based in
part on development rates previously measured at the Sandia
National Laboratories takes into account the local absorbed
x-ray dose and the development temperature. In addition,
the influence of feature geometry on the development rate
is described by a semi-empirical model accounting for
the advective and diffusive transport of PMMA fragments
between the dissolution surface and the open top of the mold.
Combined into a single user-friendly code, LEX-D, these two
models provide a numerical means for optimizing the mask
absorber thickness, beam filter thickness and exposure time,
subject to a constraint on the allowable sidewall taper.

2. Numerical model

The exposure portion of our model describes one-
dimensional, multi-wavelength x-ray transmission through
an arbitrary set of filters, transmission through the mask
absorber and substrate, and the subsequent profile of photon
absorption through the thickness of the PMMA target. These
transmission and absorption processes are modeled using
wavelength-dependent transmission and absorption cross
sections. Scattering is included only as effective forward
and backward Compton scattering along the main direction
of beam propagation. Fluorescence and other sources of
secondary radiation are not yet considered. Under these
restrictions, the attenuation of beam power is described by

po,k = pi,ke
−ρσt,k l (1)

wherepi,k is the incident beam power (per eV) at some photon
energyEk, po,k is similarly the transmitted power,ρ is the
material density,σt,k is the transmission cross section of the
material at the photon energyEk, and l is the thickness
of the filter or absorber. Thus the remaining power at
any wavelength after any set of filters can be computed by
sequential analysis, each time using the transmitted power
from the previous filter as the incident power for the next.
The mask absorber and substrate can be treated in the same
manner. The incident power on the first filter is simply the
synchrotron output, properly adjusted to account for the beam
length.

Synchrotron outputs for the four sources used in the
present analysis are shown in figure 2 [9]. The source
parameters used to generate these spectra are ring energies
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Figure 2. Synchrotron output for ALS-1.5, ALS-1.9, SSRL and
NSLS. Powers are those in a 1% band about the mean photon
energy. Except as noted, the beams are filtered by a 127µm
beryllium window and 100µm silicon mask substrate.

of 1.5, 1.9, 3.0 and 2.6 GeV and critical energies of 1.56,
3.16, 4.65 and 5.57 keV for ALS-1.5, ALS-1.9, SSRL and
NSLS, respectively. The respective ring currents for these
sources are 400, 400, 100 and 300 mA, and the beam lengths
to the exposure chamber are 30, 30, 19.5 and 7.5 m. In all
results presented here, unless otherwise noted, the beam is
filtered by a 127µm beryllium window and a 100µm silicon
mask substrate. Although additional filters (and windows
of varied thickness) are normally used in exposures at these
sources, these are not considered here in order to provide
a uniform basis for comparing mask absorber requirements
for the various source spectra. The x-ray cross sections for
materials used here are shown in figure 3 [10].

The local wavelength-dependent dose rate in the PMMA
is computed from the local transmitted powerpi,k at a
given position in the PMMA and the wavelength-dependent
adsorption cross section.

qk = ρσa,kpi,k. (2)

The local total dose rate, dQ/dt , is then obtained by summing
the wavelength-dependent doses over all photon energies,

dQ

dt
=

∑
k

qkδEk (3)

whereδEk is one-half of the width of the band of photon
energies betweenEk−1 andEk+1. The units of this dose rate
are energy per unit time per unit volume. For a constant
synchrotron output, the total dose is therefore obtained
simply by multiplying this total dose rate by the exposure
time.

Dissolution rates during development generally depend
on both the kinetics of the reaction and on the transport
of PMMA fragments away from the dissolution surface.
To account for both of these, we employ a composite
function,c∗, that describes this simultaneous dissolution and
fragment transport as two resistances in series. The resulting

Figure 3. Absorption cross sections for materials used in the
present analysis. The PMMA cross section is computed from its
elemental constituents. Gold is used as the mask absorber in all
results presented here.

expression for the linear development rate (length per unit
time) is

dy

dt
= c∗U0 (4)

where y is the instantaneous location of the dissolution
surface measured from the mold top,c∗ is the solvent volume
fraction at the dissolution surface andU0 is the kinetic-limited
development rate at a specific dose and temperature. Given
local values ofc∗ andU0, (4) can be integrated numerically
to yield the development distance as a function of time. The
solvent volume fraction on the right-hand side of (4) is given
by

c∗ = ShD

U0y + ShD
(5)

whereSh = ud/D is the average Sherwood number over
the instantaneous feature height. The fragment diffusivity
in the developer,D, can be approximated roughly in terms
of the monomer diffusivity,D0 ∼ 0.4 × 10−9 m2 s−1 and
development temperature,T ,

D = D0

(
wm

we

)2
√

T

T0
(6)

whereT0 = 293 K (20◦C) is the reference temperature for
D0, wm = 100 g mol−1 is the monomer molecular weight
of PMMA and we is the molecular weight of the PMMA
fragment [11]. The fragment molecular weight used here is
based on an initial molecular weight of 3×106 g mol−1 and a
fixed main-chain scission yield of 1.6 moles per 100 eV [12].

The Sherwood number on the right-hand side of (5) is the
ratio of the convective to diffusive rates of PMMA fragment
transport. Its value depends on the magnitude of both forced
and natural convection within a feature cavity, as well as
the effective fragment diffusivity. Computing the Sherwood
number requires knowledge of the entire flow field within the
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feature, so this is a very challenging task. However, a few
bounding cases span many of the regimes relevant to LIGA
[8]. First, even moderate forced convection over features
having an aspect ratio below one-half will produce convective
transport rates far in excess of those by diffusion alone. The
Sherwood number in this limit becomes infinite, yielding
the simple resultc∗ = 1. Second, forced convection over
a cavity is known to influence the local Sherwood number
only in a region within about two or three cavity widths
or diameters from the open end. Thus for feature aspect
ratios above about four, the Sherwood number is usually unity
indicating that fragment transport occurs by diffusion alone.
The only exception to this guideline is when sonic agitation
is employed. In this case, it appears that the development
rate is not limited by diffusion even in features having aspect
ratios that are very large, and so againc∗ = 1.

Because development rates at the PMMA surface are
not subject to diffusion transport limitations, the lateral
development rate can be computed using only the kinetic-
limited rate. In differential form this is

dx

dt
= U0 (7)

where x is the instantaneous lateral extent of sidewall
dissolution and, in this case, the development rateU0 is
evaluated at the surface dose under the mask absorber.
By integrating (7) over the time interval required for
development through the PMMA thickness, the maximum
lateral extent of development,ε = 2x, is obtained.

Kinetic-limited development rates normally depend on
the development temperature and local total dose [13], but
they may additionally depend on the dose rate and mean
photon energy of the dose. In our general development
model, the kinetic rate is computed from the PMMA
molecular weight after the dose. This final molecular weight
is computed from the initial molecular weight, a cross-linking
yield and a main-chain scission yield that depends on the
mean photon energy of the absorbed dose. For simplicity,
however, here we employ a kinetic-limited development
rate that depends only on the total dose and development
temperature. The form of this relationship is

U0 = a
(Q/b)c

1 + (Q/b)c
exp

[
−Ea

R

(
1

T
− 1

Tr

)]
where

Ea = α

1 + (Q/β)κ
(8)

andTr = 308 K (35◦C) is a reference temperature. The
development rate constants for GG developer [13] and the
four sources of interest here are: NSLS,a = 13.5µm min−1,
b = 4.23 kJ cm−3 andc = 4.21; SSRL,a = 18.7µm min−1,
b = 5.03 kJ cm−3 and c = 4.05; ALS-1.9, a =
12.2 µm min−1, b = 4.47 kJ cm−3 and c = 3.80; and
ALS-1.5, a = 11.5 µm min−1, b = 4.95 kJ cm−3 and
c = 3.20. Parameters for the activation energy used here
areα = 139 kJ mol−1, β = 8.32 kJ cm−3, andκ = 2.38.
The resulting kinetic-limited development rates at 35◦C are
shown in figure 4 along with the activation energy. The full
curves in figure 4 represent the least-squares fit to measured
development rates for Goodfellow Perspex-CQ PMMA in

Figure 4. PMMA development rates at 35◦C for GG developer as
a function of absorbed dose. The dashed curve indicates the
activation energy for kinetic-limited development.

GG developer at a temperature of 35◦C [14]. The activation
energy shown is, similarly, a least-squares fit to values
computed from measured development rates over a range of
temperatures between 10 and 40◦C [14]. The feature sizes in
all measurements were sufficiently large to accurately yield
kinetic-limited development rates.

The exposure and development models described above
are combined into a single user-friendly code known as
LEX-D. The exposure portion of the code not only computes
local total doses in the PMMA for a fixed set of filters, but
also contains an algorithm to compute the exposure time and
thickness of a single selected filter in order to obtain specified
doses at both the PMMA top and bottom surfaces. This
algorithm employs an iterative scheme in which the exposure
time yielding the prescribed top dose and the resulting bottom
dose are computed for a trial value of the filter thickness.
The filter thickness is then increased or decreased based on
the discrepancy between the prescribed and observed bottom
doses, and a new exposure time and new bottom dose are
computed. This process is repeated to convergence of the
prescribed and observed bottom doses.

Because both exposure and development models reside
in the LEX-D code, it is also capable of automatically
performing certain calculations that would normally require
tedious hand iteration between separate exposure and
development models. For example, the LEX-D user may
specify as inputs both a bottom-surface dose and a maximum
allowable taper on developed feature sidewalls. Given
a source and specified filter set, the code computes the
required exposure time, absorbed doses through the PMMA
thickness in unmasked regions, absorbed doses in masked
regions for a trial value of the mask absorber thickness, the
development history through the PMMA thickness and the
resulting sidewall taper. The code then adjusts the absorber
thickness, based on the difference between the prescribed
and observed sidewall tapers, and the absorbed doses and
development history are again computed to provide a new
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sidewall taper closer to the prescribed value. This iterative
process is repeated to convergence, yielding the minimum
absorber thickness providing the prescribed bottom-surface
dose and sidewall tolerance. This capability is employed in
generating the sample results that follow. Execution times
for such a series of calculations on a personal computer or
Apple Macintosh machine are typically less than one second.

3. Sample results

As previously described, sidewall taper in a simplified view
is just the ratio of the low-dose development rate in masked
regions of the PMMA surface to the average development
rate in unmasked regions over the entire mold thickness.
This simplified view provides considerable insight into the
phenomena influencing LIGA mold sidewall taper. First,
and most obviously, a smaller thickness of the gold absorber
will produce greater sidewall taper. A thinner mask yields a
higher dose in the masked region and so increases the lateral
development rate without affecting the mean development
rate through the thickness. Second, increased through-
thickness dose variation will yield increased sidewall taper.
This is because the masked-region development rate is
fixed by the masked-region top dose, while the average
through-thickness rate falls with increasing dose variation
due to the lower development rates associated with lower
doses deep in the PMMA. Third, increased development
temperatures will yield greater sidewall taper. The reason
for this is that the activation energy of the kinetic-limited
development rate is dose dependent and is larger at lower
doses. Increased temperatures therefore increase low-dose
development rates relative to high-dose rates. Fourth,
features having larger aspect ratios will exhibit increased
sidewall taper. Development rates deep in high aspect-
ratio features often are not limited by dissolution kinetics,
but instead are limited by the diffusive transport of PMMA
fragments to the mold surface. High aspect-ratio features will
therefore develop more slowly, giving an average through-
thickness rate that is lower. Lateral sidewall development
rates at the mold surface are, of course, not subject to this
additional transport limitation. Finally, very high doses in
the unmasked region are likely to increase sidewall taper.
The development rates at very high doses asymptote to a
constant value, so the ratio of development rates in the masked
and unmasked regions increases toward unity as the dose
increases without bound.

To help quantify these general observations, we have
made sample calculations of the minimum absorber thickness
yielding a prescribed sidewall taper over a wide range
of required tolerances and exposure and development
conditions. The first of these is illustrated in figure 5 for
exposure at the ALS synchrotron operating at 1.9 GeV. Here,
and in all subsequent cases employing this baseline source,
the beam is filtered by a 127µm beryllium window and a
100µm silicon mask substrate. In this figure, the computed
minimum thickness of the gold absorber, the development
time, top surface dose and dose in the masked regions are
shown as a function of the absorbed bottom dose for a
range of values of the sidewall dissolution distance. The
development temperature is 35◦C in each case. We see that

Figure 5. Minimum mask absorber thickness increases by
20–30% for each order-of-magnitude reduction in sidewall taper.
Low doses require the smallest absorber thickness. Conditions:
T = 35◦C, h = 1 mm andd = 10 mm.

the minimum absorber thickness increases smoothly with
decreasing allowable sidewall dissolution. Over the range
of values shown, the absorber thickness increases between
20 and 30% for each decade reduction in allowable sidewall
taper. Atε = 10 µm and a bottom dose of 4 kJ cm−3 the
minimum absorber thickness is 5.5 µm; atε = 0.1 µm and
the same dose this minimum thickness increases to 9.7 µm.
As expected, we also see that increasing the dose requires
increasing the absorber thickness in order to maintain the
same sidewall dissolution. Atε = 1 µm and a bottom dose
of 1 kJ cm−3 the minimum absorber thickness is 6.8 µm;
at the same tolerance and a bottom dose of 10 kJ cm−3,
this minimum thickness increases to 10.4 µm. Indeed, at
all tolerance levels a bottom dose of 10 kJ cm−3 yields a
minimum absorber thickness that is about 50% greater than
that at 1 kJ cm−3. Note that here the development time and
PMMA top surface dose are not altered by changes in the
prescribed sidewall tolerance or absorber thickness. This is
because the source, beam filters, feature size and PMMA
thickness are all fixed in these calculations, and these are
the only parameters affecting the top dose and development
history.

The results shown in figure 5 indicate that decreasing
the bottom dose always decreases the minimum absorber
thickness, and so there exists no optimum bottom dose
for which the absorber thickness is minimized. The
practical limit of this is that the development time becomes
prohibitively large as the bottom dose becomes small. At a
bottom dose of 1 kJ cm−3, the computed development time
is about 150 h—nearly a week! At all doses above about
4 kJ cm−3, however, the development time remains relatively
flat, so bottom doses above this level provide little benefit, but
do further increase the minimum absorber thickness. Thus a
bottom dose of 3–5 kJ cm−3 seems to a practical optimum,
at least for this case.

Figure 6 shows similar results for calculations of the
minimum absorber thickness, although in this case the
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Figure 6. Longer development times for very small features
increase the minimum absorber thickness by at most about 40%
for 1 mm thick PMMA. Conditions:T = 35◦C, h = 1 mm and
ε = 1 µm.

parameter varied is the feature size,d, while the extent of
sidewall dissolution is held constant atε = 1 µm. Here we
see that the development time increases significantly as the
feature size is reduced due to diffusion transport limitations,
even though the dose profiles through the PMMA thickness
are the same in each instance. This increased development
time necessitates a larger absorber thickness for smaller
feature sizes: at a bottom dose of 4 kJ cm−3, the computed
minimum absorber thickness for a 1 mm feature is only
7.9 µm, while that for a 10µm feature is 11.0 µm. Since
most LIGA molds contain features of widely varying size, the
minimum absorber thickness will thus usually be determined
by tolerances on the smallest features present.

In figure 6 we also see that development times exhibit two
limiting behaviors in the extremes of very large and very small
features. The first is the kinetic limit for large features, which
exhibits a strong dependence on the local absorbed dose, but
no dependence on feature size. Note that development times
at a fixed bottom dose are nearly the same for a 10 mm feature
(figure 5) and a 1 mmfeature (figure 6). This is the limit of
an infinite Sherwood number. The second limiting behavior
occurs in very small features, for which the development rate
is controlled by PMMA fragment diffusion within the feature
cavity. In this case, the development time grows as the square
of the PMMA thickness, but again shows no dependence on
feature size since the cross section area for diffusive transport
equals the area of dissolution at any feature size. This is the
limit of a Sherwood number of unity, which applies to any
feature of aspect ratio greater than about four. Such behavior
is illustrated in figure 6 by the similar development times of
the 10 and 30µm features.

These limiting behaviors in the development time give
rise to corresponding limits in the minimum absorber
thickness and associated dose in the masked regions of the
PMMA. The minimum absorber thickness for small feature
sizes is 20–40% greater than that for large feature sizes. The

maximum difference between these occurs near a bottom
dose of 4 kJ cm−3, and the influence of feature size on the
minimum absorber thickness is reduced at both higher and
lower doses. As before, the variation of minimum thickness
with dose is an increase of about 40–50% between bottom
doses of 1 and 10 kJ cm−3, independent, in this case, of the
feature size.

Diffusion-limited development rates in high-aspect-ratio
features cannot be enhanced significantly by forced convec-
tion across the mold top [8]. Such forced convection produces
a series of closed convective cells within the mold cavity. The
speeds in these cells decay exponentially with depth from the
mold top and become negligible within two to three feature
widths into the cavity. The role of natural convection in the
development process has not yet been studied, though it is
unlikely that this will produce significant benefits owing to
the large viscosity of the polymer-laden developer. The only
promising means to increase diffusion-limited development
rates now appears to be ultrasonic or megasonic agitation [7].
Based on a very few observations, the primary benefit of sonic
agitation appears to be increased rates of PMMA fragment
transport. As such, even very small features developed using
this method may exhibit kinetic-limited development histo-
ries much like those normally observed in features of much
larger size and lower aspect ratios. In essence, effective agi-
tation causes small features of high aspect ratio to develop as
though they were much larger. Sonic agitation should there-
fore permit a 20–40% reduction in absorber thickness below
that otherwise required for small features having high aspect
ratios. This is based on the 20–40% increase in minimum ab-
sorber thickness for very small features, as described above
for a 1 mmPMMA thickness. However, because transport-
limited development rates generally depend on both the fea-
ture depth and aspect ratio, the benefit of sonic agitation in
reducing the absorber thickness will also generally depend on
both, with larger thicknesses and higher aspect ratios showing
relatively larger benefit.

We next consider the effect of the synchrotron spectrum
on minimum absorber thickness. One might believe,a
priori , that a more energetic spectrum would require a larger
absorber thickness. As shown in figure 7, however, this does
not appear to be the case, at least over the range of sources
considered here. Figure 7 shows the computed minimum
absorber thickness for exposure at the SSRL, NSLS and
ALS synchrotrons. For each source the beam is filtered
by a thin beryllium window and a 100µm silicon mask
substrate. Given a fixed sidewall dissolution distance of
ε = 1 µm, we see that the minimum absorber thickness
is essentially independent of the source spectrum. Although
the through-thickness dose profiles, development times and
the masked doses all vary significantly from one source to
another, the minimum absorber thickness remains essentially
unaffected. The reason for this unexpected result lies
in part in the absorption cross section of PMMA. For a
1 mm PMMA thickness, only those photons encountering an
absorption cross section between about 1 and 104 cm2 g−1

contribute significantly to the absorbed dose. From figure 3,
this limits the useful range of photon energies to between
about 1–10 keV. More energetic photons pass through the
thickness without interaction, while those of lesser energies
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Figure 7. The synchrotron sources used by Sandia require very
similar gold absorber thickness to produce any prescribed sidewall
taper. Conditions:T = 35◦C, h = 1 mm,d = 10 mm and
ε = 1 µm.

are absorbed in the filters or in a very thin layer near the
PMMA surface. Because all of the synchrotron spectra are
fairly flat in this range, and further the ratio of the gold and
PMMA cross sections are fairly uniform in this range, the
ratio of minimum absorber thickness to the PMMA thickness
is nearly constant across these sources.

As discussed above, increased development tempera-
tures are likely to increase the minimum absorber thickness
for any prescribed sidewall taper. This is illustrated in figure 8
for an ALS exposure at 1.9 GeV and an allowable sidewall
dissolution distance ofε = 1µm. Here we see that the effect
of development temperature is influenced by the magnitude
of the dose. At low doses the minimum absorber thickness is
independent of the temperature, despite orders-of-magnitude
variation in development times. At large bottom doses the
required absorber thickness increases with increasing tem-
perature. At a bottom dose of 10 kJ cm−3, the minimum ab-
sorber thickness increases from 7.2 µm at a temperature of
10◦C to 12.3 µm at 50◦C. Thus over the full practical range
of bottom dose and development temperature, an increase in
temperature increase the minimum absorber thickness by at
most about 70%. At bottom doses below 4 kJ cm−3, the ef-
fect of temperature on absorber thickness is limited to about
13%. The origin of this dose-dependent behavior is that ac-
tivation energy approaches a constant at very low doses (see
figure 4). At low doses, the ratio of the development rates in
the masked and unmasked regions is therefore independent of
temperature and instead depends only on the absorber thick-
ness. At large bottom doses, in contrast, the activation energy
corresponding to doses in the masked and unmasked areas
differ significantly. Because the activation energy falls with
increasing dose, larger development temperatures require a
larger absorber thickness to compensate for the relatively re-
duced development rates in the high-dose PMMA. Note that
the unusual shape of the development time curve at 50◦C is
a result of the form of the dissolution kinetics given by (8).

Figure 8. Increased development temperature requires a larger
absorber thickness at high doses due to dose dependence of the
dissolution rate activation energy. Conditions:h = 1 mm,
d = 10 mm andε = 1 µm.

Here the development rate at very high temperatures actually
decreases with increasing dose due to the dose-dependent
decline of the activation energy. However, a temperature of
50◦C is just outside the range of the data used to construct (8),
so it is not clear whether this behavior is real or is merely an
artifact of extrapolating outside the applicable range of the fit.

We now consider the influence of PMMA thickness on
minimum absorber thickness. Figure 9 shows computed
absorber thickness, development times and bottom doses for
cases in which the prescribed sidewall dissolution distance
is scaled by the PMMA thickness such that the sidewall
taper is fixed atε/h = 10−3. Here we see that the range
of minimum absorber thickness at any given dose is weakly
dependent of PMMA thickness and spans only about 20% for
all PMMA thickness of 200–1000µm. The reason for this
is simply that the total development time for a given bottom
dose is roughly proportional to the PMMA thickness. Thus
the sidewall dissolution distance is also roughly proportional
to the PMMA thickness when masked doses are equal, and
this occurs at roughly a fixed absorber thickness for any fixed
bottom dose. This linear scaling should also hold as the
prescribed sidewall taper is increased or reduced, so the rule
of thumb from figure 5 should still apply: each order-of-
magnitude increase or decrease in the prescribed sidewall
taper corresponds to a 20–30% decrease or increase in the
minimum absorber thickness.

Our final sample calculation addresses the effects of
beam filters on the minimum absorber thickness. Here
we limit our attention to the influence of the silicon mask
substrate and the effect of its thickness on absorber thickness.
Figure 10 shows the computed minimum absorber thickness
for substrate thickness in the range of 30–3000µm. We
see that the substrate thickness has a significant influence
over its entire range, but this influence is especially
pronounced when the thickness grows very large. As
the substrate thickness increases from 30–1000µm, the
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Figure 9. Minimum absorber thickness is insensitive to PMMA
thickness for a fixed sidewall taper,ε/h, but increases with
thickness for a fixed sidewall dissolution distance,ε. Conditions:
T = 35◦C, d = 10 mm andε/h = 10−3.

minimum absorber thickness increases from 6.5 to 10.0 µm
at a bottom dose of 4 kJ cm−3. In this range, a thirty-fold
increase in substrate thickness yields about a 60% increase in
the required absorber thickness. Between 1000 and 3000µm,
however, the absorber thickness increases to 18.0 µm. In
this range, a three-fold increase in substrate thickness nearly
doubles the minimum absorber thickness. We thus conclude
that minimizing the mask substrate thickness is important to
minimizing absorber thickness, even for synchrotron sources
of relatively high beam energy, and that the use of other
beam filters should be avoided unless necessary to achieve
acceptable top-to-bottom ratios of the absorbed dose.

4. Summary

To help optimize mask design and exposure and development
conditions for the LIGA process, we have developed
numerical models describing both x-ray exposure of the
PMMA resist and development of the exposed part.
The exposure model addresses multi-wavelength, one-
dimensional x-ray transmission and absorption through
multiple beam filters, the mask absorber and substrate,
and the PMMA resist. The development model describes
the one-dimensional evolution of the dissolution front,
taking into account the local absorbed dose through the
PMMA thickness. Local dissolution rates are computed
from phenomenological relations based on measured
kinetic-limited development rates and a quasi-empirical
expression accounting for advective and diffusive transport
of PMMA fragments from the dissolution surface to the
open mold top. The development model additionally
includes an auxiliary equation describing the lateral sidewall
development rate. This equation is integrated in time over
the period of development to yield the extent of sidewall
dissolution.

Figure 10. A very thick silicon mask substrate leads to excessive
beam filtering and dramatically increases the minimum absorber
thickness. Conditions:T = 35◦C, d = 10 mm andε = 1 µm.

These coupled models were used to investigate the
minimum thickness of the mask absorber required to provide
a prescribed allowable sidewall taper. Although many
factors also influence sidewall taper, this is the primary
consideration in determining a minimum acceptable absorber
thickness. Here we have made sample calculations of
the minimum absorber thickness as a function of the
PMMA absorbed bottom dose for a range of values of
the allowable sidewall taper, feature size, development
temperature, PMMA thickness and the thickness of the
silicon mask substrate. In addition, we have examined the
influence on minimum absorber thickness of several x-ray
sources, including SSRL, NSLS and ALS operating at 1.5
and 1.9 GeV.

We find that the minimum absorber thickness depends
rather weakly on all of the parameters examined here. Each
decade reduction in the prescribed sidewall taper requires
a 20–30% increase in absorber thickness. Small features
sizes, without sonic agitation, require an absorber thickness
at most about 40% greater than that needed for features of
aspect ratio less than about three. The minimum absorber
thickness for any fixed sidewall taper is nearly independent
of PMMA thickness over the range 200–1000µm. As
anticipated, the minimum absorber thickness increases
with increasing absorbed dose and increasing development
temperature. For the former, the minimum absorber
thickness increases about 50% as the absorbed bottom dose
increases from 1–10 kJ cm−3. For the latter, increasing the
development temperature from 10 to 50◦C increases the
minimum absorber thickness by about 70% at high bottom
doses, but has little effect at all bottom doses below about
3 kJ cm−3. Lastly, increasing the mask substrate thickness
from 30–1000µm increases the minimum absorber thickness
by about 60%. Between 1000 and 3000µm, however, the
effect of substrate thickness is very strong and increases
the absorber thickness by about a factor of two. While
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each of these effects is relatively small, their unfavorable
combination may double or triple the minimum absorber
thickness needed to achieve some desired sidewall taper.

Based on these observations, a 14µm gold absorber
on a 100µm silicon substrate should provide a sidewall
taper better than 10−3 for all of the sources considered here
and for the full practical range of feature size, development
temperature and PMMA dose. Similarly, an 18µm gold
absorber should provide a sidewall taper of better than 10−4.
By limiting the bottom dose to less than 4 kJ cm−3, the
development temperature to less than 35◦C and by using
sonic agitation during development, the minimum absorber
thickness may be reduced to 8 and 10µm for sidewall
tapers of 10−3 and 10−4, respectively. To realize these
objectives of course requires that all other factors influencing
sidewall taper are also controlled within acceptable limits, but
increasing the absorber thickness above these values should
not be necessary.

Finally, the minimum absorber thickness computed here
is quite sensitive to the kinetic-limited development rates at
very low doses. The low-dose rates used here are simple
power-law extensions of the development rates measured
for doses in the range of 1–2 kJ cm−3. It is well known
that some types of cross-linked PMMA exhibit an abrupt
threshold below which measurable dissolution ceases. Such
behavior will reduce the minimum absorber thickness in all
cases presented here. In contrast, linear PMMA may show
a finite limiting value of the development rate even at very
low doses. In this case, the minimum absorber thickness will
increase. This latter behavior also disfavors low absorbed
doses in the unmasked PMMA, giving rise to a true minimum
absorber thickness and optimum bottom dose.
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